Background-Cardiac complications are important causes of morbidity after noncardiac surgery. The purpose of this prospective cohort study was to develop and validate an index for risk of cardiac complications. Methods and Results-We studied 4315 patients aged Ն50 years undergoing elective major noncardiac procedures in a tertiary-care teaching hospital. The main outcome measures were major cardiac complications. Major cardiac complications occurred in 56 (2%) of 2893 patients assigned to the derivation cohort. Six independent predictors of complications were identified and included in a Revised Cardiac Risk Index: high-risk type of surgery, history of ischemic heart disease, history of congestive heart failure, history of cerebrovascular disease, preoperative treatment with insulin, and preoperative serum creatinine Ͼ2.0 mg/dL. Rates of major cardiac complication with 0, 1, 2, or Ն3 of these factors were 0.5%, 1.3%, 4%, and 9%, respectively, in the derivation cohort and 0.4%, 0.9%, 7%, and 11%, respectively, among 1422 patients in the validation cohort. Receiver operating characteristic curve analysis in the validation cohort indicated that the diagnostic performance of the Revised Cardiac Risk Index was superior to other published risk-prediction indexes. Conclusions-In stable patients undergoing nonurgent major noncardiac surgery, this index can identify patients at higher risk for complications. This index may be useful for identification of candidates for further risk stratification with noninvasive technologies or other management strategies, as well as low-risk patients in whom additional evaluation is unlikely to be helpful.
C ardiovascular complications are important causes of morbidity with major noncardiac procedures. 1, 2 Risk stratification of these patients often relies on noninvasive tests for myocardial ischemia, but analyses suggest that test results are most useful in patients whose clinical data suggest moderate risks for complications and that they have limited impact in high-or low-risk groups. [3] [4] [5] Among the tools for clinical risk stratification are the Cardiac Risk Index 6 and other decision aids. 7 Recent guidelines have recommended a modification of the Cardiac Risk Index, 8, 9 but the studies used to develop this and other prior decision aids have relied on small numbers of patients, and they predated recent advances in surgery and anesthesia. Furthermore, the usefulness of available indexes has been limited by the complexity of their formats. We therefore undertook a prospective investigation to derive and validate a simple index for the prediction of the risk of cardiac complications in major elective noncardiac surgery.
Methods

Patient Population
Patients aged Ն50 years who underwent nonemergent noncardiac procedures with an expected length of stay Ն2 days at Brigham and Women's Hospital from July 18, 1989, to February 28, 1994, were eligible for the study. Patients undergoing qualifying procedures were eligible for the study if they underwent postoperative serial cardiac marker sampling as part of their care or gave their consent to the full study protocol, which was approved by the Hospital Institutional Review Board. The full study protocol included preoperative interviews and serial assessments of health status for 1 year after surgery. Patients were approached for informed consent for the full study protocol in the hospital's Preadmission Test Center or on the day before surgery if the patient was hospitalized. Comparison of study logs and operating room schedules indicated that Ϸ80% of eligible patients were approached by study personnel.
Because some patient subsets underwent preoperative assessment through different systems, the proportion of patients who did not provide informed consent preoperatively for the serial interview portion of the study (621 [14.5%] of the study population) was higher among patients who underwent thoracic (31%), abdominal aortic aneurysm (30%), and other vascular procedures (32%). Patients who provided informed consent before surgery had a lower major cardiac complication rate (see below) than patients who did not (1.7% versus 4.8%; PϽ0.001).
Data Collection
Patients who provided informed consent to the full study protocol underwent preoperative evaluations by study personnel, including detailed medical histories, physical examinations, and laboratory testing. For patients who could not be approached or refused participation in the interview part of the study, clinical data were obtained from the structured evaluation provided by the anesthesiologist in the medical record. This data source was also used to obtain American Society of Anesthesiologists (ASA) class for all patients. Consenting patients agreed to postoperative sampling of creatine kinase (CK) and, if total CK levels were elevated, CK-MB immediately after surgery, at 8 PM on the evening of surgery, and on the next 2 mornings. For other enrolled patients, samples were performed according to the physicians' orders. For the entire study population, the mean (ϮSD) number of cardiac enzyme samples obtained was 4.0Ϯ2.2 (median 4). ECGs were performed in the recovery room and on the first, third, and fifth postoperative days if the patient remained hospitalized.
Total CK was assayed on the ACA discrete clinical analyzer (DuPont). CK-MB was measured until July 30, 1993, with a DuPont ACA ion-exchange chromatography and immunoinhibition assay; after that date, a mass assay for CK-MB was performed on the Stratus instrument (Baxter Diagnostics).
Classification of Outcomes
Follow-up data were collected through daily medical record review by study personnel. The occurrence of all cardiac complications after surgery was classified by a single reviewer (L.G.) who was blinded to preoperative clinical data and who used postoperative clinical information. When the ion-exchange chromatography assay was used to assay CK-MB, acute myocardial infarction was diagnosed if (1) the peak CK-MB was Ͼ5% of an elevated total CK or (2) the peak CK-MB was Ͼ3% of an elevated total CK in the presence of ECG changes consistent with ischemia or infarction. When the CK-MB mass assay was used, acute myocardial infarction was diagnosed if peak CK-MB levels exceeded the normal range (Ͻ5 ng/mL) and the ratio of CK-MB to total CK exceeded 0.0278 or, in the setting of ECG changes, 0.0167. These threshold ratios were estimated to be comparable to the respective thresholds with the activity assay for CK-MB on the basis of regression analyses of samples for which both assays were used.
"Major cardiac complications" included myocardial infarction, pulmonary edema, ventricular fibrillation or primary cardiac arrest, and complete heart block. Diagnosis of pulmonary edema required a formal reading of the chest radiograph by a radiologist consistent with this complication in a plausible clinical setting.
Analysis of Data
Two thirds of the 4315 patients were assigned to the derivation cohort (nϭ2893), which was used to develop the Revised Cardiac Risk Index. Patients who underwent vascular surgery were divided into those who underwent abdominal aortic aneurysm surgery (nϭ110) versus all other types of vascular surgery (nϭ498). Among the other vascular procedures, the most common were femoral-tibial or femoral popliteal artery bypass procedures (46%), carotid endarterectomy (31%), and aorto-bifemoral bypass procedures (9%). No analyses were performed for the other 1422 patients (validation cohort) before prospective validation of the Revised Cardiac Risk Index. The performances of prior decision aids 1, 6, 7 were compared by use of receiver operating characteristic curve (ROC) analysis. 10 To develop the revised risk index, clinical correlates of major cardiac complications were identified with a 2 test for categorical variables and a t test or Wilcoxon test for continuous variables. Different combinations of clinical variables were tested to identify the definition of ischemic heart disease most strongly correlated with cardiac complications. Variables with a univariate correlation with a P value Ͻ0.10 were considered in stepwise logistic regression analyses that identified the factors included in the risk index, with a cutoff P value of 0.05. We compared 2 versions of the new index: 1 in which weights were derived from the logistic regression analysis and 1 in which all variables were assigned an equal value. Because ROC analyses did not show an advantage for the index with variable weights, the index with equal weights for all variables was adopted.
The Revised Cardiac Risk Index was then tested by different approaches, including comparison of major cardiac complication rates within risk classes in the derivation and validation cohorts, analysis of whether the factors were independent predictors of risk in the validation cohort, and comparison of the areas under the ROC for risk-prediction indexes.
Results
The patients in the derivation and validation cohorts were similar (Table 1) , with slightly more patients in the validation cohort undergoing procedures identified as high risk in the Original Cardiac Risk Index (ie, intraperitoneal, intrathoracic, or suprainguinal vascular). Rates of major cardiac complications were 2% and 2.5%, respectively (Table 2) .
When 3 prior decision aids were applied in the derivation cohort, all 3 were able to stratify patients into subsets with increasing rates of adverse outcomes (Table 3 ), but few patients fell into high-risk groups. Only 4% of patients were classified above class I in the Modified Cardiac Risk Index, and only 3% of patients were assigned the highest ASA class.
Correlates of Complications in the Derivation Cohort
The combination of variables that defined preoperative ischemic heart disease with the highest correlation with major cardiac complications included any of the following: history of myocardial infarction, history of a positive exercise test, current complaint of chest pain considered to be secondary to myocardial ischemia, use of nitrate therapy, or ECG with pathological Q waves. In the derivation cohort, major cardiac complications occurred in 1 (2%) of 51 patients with a history of prior angioplasty versus 55 (2%) of 2842 patients without prior angioplasty and in 6 (3%) of 217 patients with prior CABG surgery versus 50 (2%) of 2676 patients without prior bypass surgery (PϭNS). Therefore, patients with prior coronary revascularization procedures were categorized as having ischemic heart disease only if they had any of the other criteria for ischemic heart disease listed above. This definition excluded 1 patient with prior coronary angioplasty and 26 patients with prior CABG surgery, none of whom had major perioperative cardiac complications. Preoperative ECG ST-T-wave changes (ST segment elevation or depression or T wave inversion) also were not associated with worse outcomes.
Congestive heart failure was defined by the presence of any of the following: history of congestive heart failure, pulmonary edema, or paroxysmal nocturnal dyspnea; physical examination showing bilateral rales or S3 gallop; or chest radiograph showing pulmonary vascular redistribution. All of these variables were correlated with major cardiac complications. Cerebrovascular disease was defined as a history of transient ischemic attack or stroke.
Some factors included in the Original Cardiac Risk Index were present in few patients and were not associated with major cardiac complications. Only 19 patients (1%) had a history of myocardial infarction in the last 180 days (Table 1) , and only 5 (0.2%) had critical aortic stenosis. No patient was considered to have unstable angina, class IV congestive heart failure, or active transient ischemia attacks.
Patients who were using ␤-adrenergic blocking agents at the time of admission had a similar rate of cardiac complications (13/533 patients; 2.4%) as patients who were not *PϽ0.05 in comparison of derivation and validation cohorts. †Definition of summary variables: "Ischemic heart disease" indicates patient has history of myocardial infarction, positive exercise test, current complaint of ischemic chest pain or use of nitrate therapy, or ECG with Q waves. Patients with prior CABG surgery or PTCA were included in this definition only if they had current complaints of chest pain that were presumed to be due to ischemia. "Congestive heart failure" indicates history of congestive heart failure, pulmonary edema, or paroxysmal nocturnal dyspnea, physical examination showing bilateral rales or S3 gallop, or chest radiograph showing pulmonary vascular redistribution. using these medications (43/2360; 1.8%). In stratified analyses, ␤-blockers were not associated with major cardiac complication rates in patients with or without ischemic heart disease. There was a trend toward higher complication rates in patients with worse functional capacity as measured by Specific Activity Scale class (1.03%, 1.66%, 2.07%, and 2.98%, respectively; 2 test PϽ0.05).
In logistic regression analyses, 6 independent (PϽ0.05) correlates of major cardiac complications were identified in the derivation cohort. These variables (and the rate of major cardiac complications for patients with these characteristics) included high-risk type of surgery (27/894; 3%), ischemic heart disease (34/951; 4%), congestive heart failure (23/434; 5%), history of cerebrovascular disease (17/291; 6%), insulin therapy for diabetes (7/112; 6%), and preoperative serum creatinine Ͼ2.0 mg/dL (9/103; 9%).
Derivation of the Revised Cardiac Risk Index
A logistic regression model that included the 6 independent correlates of major cardiac complications indicated that the adjusted OR for these factors ranged from 1.9 to 3.0. Two indexes were derived from this model. In the variable-weight index, point values were assigned in proportion to the logistic regression model weights for each variable. In the equalweight model, 1 point was assigned to each variable. ROC analysis showed no significant difference between the diagnostic performances of the models (0.765Ϯ0.032 versus 0.759Ϯ0.032, respectively; Pϭ0.28). Therefore, the Revised Cardiac Risk Index was constructed with each risk factor assigned 1 point.
Patients with 0, 1, 2, or more factors were assigned to classes I, II, III, or IV, respectively; rates of major cardiac complications ranged from 0.5% to 9% (Table 3) . Statistically significant (PϽ0.05) differences were found in rates of major cardiac complications between all classes. ROC analysis indicated that the diagnostic performance of the Revised Cardiac Risk Index was superior to all 3 of the prior decision aids.
Validation of the Prediction Rule
Diagnostic performance of the Revised Cardiac Risk Index was similar in the derivation and validation cohorts, as reflected in ROC analyses (Table 3) . Within any specific class of the Revised Cardiac Risk Index, the complication rates were not statistically different between the derivation and validation cohorts. Within the validation cohort, the relative risk for patients in class II compared with patients in class I (2.2 [95% CI 0.4, 11.0]) was not significantly different from the corresponding relative risk in the derivation cohort (2.7 [95% CI 1.0, 7.5]).
In the validation cohort, the outcome rate was significantly higher in class III than class II (6.6% versus 0.9%; PϽ0.001). The relative risk of class III versus class II in the validation cohort (7.5 [95% CI 2.8, 20.0]) was not significantly different from the corresponding relative risk in the derivation cohort (2.8 [95% CI 1.4, 5.6]) (Pϭ0.11).
The difference between class IV and class III in outcome rates in the validation cohort did not reach statistical significance (11.0% versus 6.6%; Pϭ0.15). The relative risk of class IV versus class III in the validation cohort (1.7 [95% CI 0.8, 3.4]) was not significantly different from the corresponding relative risk in the derivation cohort (2.5 [95% CI 1.4, 4.7]) (Pϭ0.38).
Four of the factors in the Revised Cardiac Risk Index were independent correlates of major cardiac complications in the validation cohort: high-risk type of surgery, ischemic heart disease, congestive heart failure, and history of cerebrovascular disease. There were trends or significant univariate associations with major cardiac complications for insulin therapy for diabetes (3/59 patients, 5%; relative risk 2.4; 95% Bars represent rate of major cardiac complications in entire patient population (both derivation and validation cohorts combined) for patients in Revised Cardiac Risk Index classes according to type of procedure performed. AAA indicates abdominal aortic aneurysm. Note that by definition, patients undergoing AAA, thoracic, and abdominal procedures were excluded from class I. In all subsets except patients undergoing AAA, there was a statistically significant trend toward greater risk with higher risk class. Finally, a version of the Revised Cardiac Risk Index with only the 4 variables with independent associations with complications in the validation cohort (excluding diabetes and renal function) yielded slightly superior diagnostic performance compared with the 6-variable model. Complication rates in patients with none, 1, 2, or more of these variables were 0.4% (2/493), 1.0% (6/579), 7% (19/270), and 11% (9/80).
Performance by Procedure Type
Patients from both the derivation and validation cohorts were pooled for an analysis of the performance of the Revised Cardiac Risk Index within types of procedures (Figure) . Except for patients undergoing abdominal aortic aneurysm surgery, there were significant (PϽ0.05) trends toward greater rates of cardiac complications within higher-risk classes within all procedure types.
Discussion
In this report of the risk of major cardiac complications with major nonemergent noncardiac surgery, 6 factors with approximately equal prognostic importance were identified. The presence of Ն2 of these factors identified patients with moderate (7%) and high (11%) complication rates in prospective evaluation among 1422 patients in the validation cohort.
These findings are consistent with prior research and guidelines 5, 8 that have emphasized the value of clinical data in perioperative risk stratification. Other investigations have also found increased risk among patients with cardiovascular disease or diabetes mellitus 1, 2, 8, 11 or with certain classes of procedures. 6 However, several previously identified risk factors, including advanced age, critical aortic valvular stenosis, and abnormal cardiac rhythms, did not correlate with complications in the present study. This finding may reflect patient selection and increased attention to these issues. Therefore, the absence of these factors from the Revised Cardiac Risk Index should not be taken as evidence that they are not worrisome prognostic factors; indeed, they might be important predictors in patients undergoing emergent operations.
There was no relationship between risk class and major cardiac complications among the patients who underwent abdominal aortic aneurysm surgery. Because there were only 110 patients who underwent this procedure in the derivation cohort, statistical power was limited in these analyses.
The form and content of the Revised Cardiac Risk Index reflect the goal of this investigation: to derive a simple index that might influence and be readily incorporated into routine practice (eg, on forms for preoperative evaluations). We therefore emphasized in the analyses dichotomous variables that were either present or absent and used a scoring system that assigned 1 point to each variable. A more complex index might have achieved greater accuracy but at the expense of ease of use.
How the Revised Cardiac Risk Index should be used by clinicians remains to be defined. One approach is to confine routine use of noninvasive testing to patients with moderate risk for complications (eg, classes III or IV). 3 An alternative strategy has been suggested by Bodenheimer, 12 who argues that improved outcomes are more likely to result from controlling postoperative oxygen demand than additional risk stratification. This approach would support use of this index to identify patients who should be treated with strategies to reduce oxygen consumption rather than undergo additional noninvasive testing.
The findings from the present report should be interpreted in the context of the study design. The data were collected from patients undergoing nonemergent operations at a single teaching hospital. The Revised Cardiac Risk Index is of uncertain generalizability in lower-risk populations, such as patients who undergo more minor procedures, or in high-risk populations, such as those who undergo emergency operations. However, patients undergoing major nonemergent procedures constitute the population in which physicians most often have to consider additional testing or other strategies before the patient proceeds to surgery. Other clinical factors not included in this index may be important for predicting long-term prognosis and warrant attention by clinicians. Finally, although this cohort is perhaps the largest to be studied prospectively for predictors of cardiac complications associated with noncardiac surgery, the statistical power to identify predictors of complications among specific patient subsets was limited.
Nevertheless, these findings are consistent with prior research, and the Revised Cardiac Risk Index appears simple enough for easy application in patient care. Previously published data on a subset of this cohort demonstrate that patients with at least 3 of the factors in the Revised Cardiac Risk Index (history of ischemic heart disease, history of congestive heart failure, and diabetes mellitus) have an increased risk for cardiovascular complications during the next 6 months, even if they do not have major perioperative cardiac complications. 13 Hence, patients with increased perioperative risk probably warrant closer clinical attention well beyond their hospital admission.
